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Atomic Force Microscopy of the Electrochemical Nucleation
and Growth of Molecular Crystals

Andrew C. Hillier and Michael D. Wand
Department of Chemical Engineering and Materials Science
University of Minnesota, 421 Washington Ave. SE, Minneapolis, MN §5455

Introduction

Molecular crystals containing organic components exhibit a varicty
of interesting and potentially uscful clectronic propettics, including electiical
conductivity, superconductivily, non-finear optical behavier, and
ferromagnetisin,!  and also comprise the majority of pharmaccutical
rcngcnls.2 Much of the interest in these materials stemns from the ability to
employ molecular-level "crystal engineering” strategics to contral solid state
intermolecular interactions in order to rationally manipulate crystal packing
and, conscquently, influence bulk physical and clectronic propettics. While
these strategics have been employed in the design and synthesis of many
organic crystals, the sclf-asscmbly, nucleation, and crystallization processes
that are responsible for their formation are not well understood, particularly at
the molecular and nauwoscale level. This understanding is crucial if important
crystal characteristics such as polymorphism, habit, morphology, inclusion
formation, and defect density are to be controlled.

Recent developments in atomic foree microscopy (AEM),? however,
now provide for in situ visualization of the carly stages of giowth of organic
crystals in liquids, as evidenced by recent reposts for these and other
materials.>0 This capability pravides for dynamic observation of nucleation
events, and the determination, at small length scales, of the distribution of
topographic features (i.e. terraces, ledges and Kinks) that play an important
role in crystal gmwlh,7 We herein repott in situ AFM obscrvations of the
nanoscale morphology, surface topography, and growth and dissolution
characteristics of single crystals of a serics of organic charge transfer salts,
specifically those comprising the tetracyanoguinodiimethane (TCNQ) aceeptor

" and tetrathialulvalene (TTF), teteamethyltctiaselenafulvalene (TMTSE), and

bis-(cthylenedithiolo)cuathiafulvalene (BEDT-TTE) donors with a vaticty of
counter-ions. .

Experimental

Atomic force microscopy (AFM) experiments were peiformed with a
Digital Instruments Nanoscope [ scanning probe microscope. fif situe studics
were accomplished with an AFM electrochemical fluid cell (Digitad
Instruments) in a three-clectrode configuration.  The working clectrode
consisted of cither graphite or a mature single crystal surface while platinum
and silver wiscs served as counter and quasi-reference electrodes, respectively.
The counter and reference electrodes were placed in the outlet port of the {luid
cell. Experiments weie then performed in otganic solutions of ecthanol,
propylenc carbonate, or aectonitrile containing millimolar concentiations of
the donai/acceptor and high concentrations of the counterion in a
tetrabutylanunenimn salt, which also served as the supporting clectiolyte.

Results and Discussion
A vaticty of conductive and insvlating salts were examined with a

range of bonding propenties.  The low-dimensional conductors typically
exhibiterd one dominant bonding interaction. A strong preference for [100]
ledges on the (001) face of the low-dimensional organic superconductor
(TMTSFE)CIO4 is a consequence of strong intermolecular charge transfer

interactions between TMTSF molecules stacked along this direction (Figute - — -

1). The (001) face of (TMTSF)ClO4 exhibits layer-by-layer giowih :m(ll

etching, in which the layers correspond to single unit celf heights of 13.3 AA

terrace-ledge-kink mechanism® is abserved, with the direction of fastest

growth and etching oriented along the TMTSF stacking axis. !
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Figure I: Molccular pac king of the (001) plane of CEMTSECTOf and an

AFM image of this face on a mature crystal showing (001) terraces hounded

by (100] ledoes The [100] direction corresponds (o the erysial stacking axis
~and is the direction of strangest intermolecnlas solid siate bonding

Ciystals of the fow dimensioned arganic canducton (U5 By e, e
also been imaged in s following nacleation on a highly areated pysolstic
praphite (HOPGY suelace. These erystds exhibit a baldt <imidar to that of the
mate crystal and can be indexed using "AUM paniomeny.” The exposed
crystal Faces consist of low encrgy planes, as detived from the crysin)
stiuctute, while the microscopic swface stiucture icetects calid stte bopding
The observed growth maode vindes with the particabir coystal face excmmined
However, the [O01] charge tansfer axds manifests i the form of orienied
topographical sttuctures, namely dominant (0O 1] fedpes.

Several two dimensionad salts were cvmnined
(CPr R HCyclophane) (TCNQ)y, exhibits dominant
nteractings, one clectrostatic and the other van der Waals i natwre, while o
significant charpe transfer interaction is absent. The resulting geowth mode is
clearly more two-dimensional and exbbits a fayer by layer evolution in the
{110} direction. However, the presence of anisottopic electrostatic and van
der Waals interactions in the plane of this face contributes to the foration of
dominant ledge amd kink steactures (Figure 2). These ledges arient in the {11
0] andd [111] ditections. The two dimensional organic conductor o (BEDT.
TTEF);315 exhibite a similar fayered growth mode with two daminant ledge
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Figure 2: Layered growth of the (110) tace of (Cp* Ru)y(Cyelophiane)

(1¢ 'NQ)Z that results from the two dominant bonding ditections (almolecuta
packing of (011) face and (b AEM image of prowth. The {1 ] ledges are
moving in the {111 direction

Conclusions

These studies illustrate that anisotropic solid state intcimolecufar
fosces play a dominant role in detining the nanoscale topopraphy, etehing and
growth characteristics of molecular single ciystal faces. In several examples
described here, the behavior is dominated by nanoseale fedge structuse that is
coincident with directions of sttong intermotecutar electtosttic and charge
ttansfer interactions. The role of excess interfacial encrpy duting crystal
growth is evident from the disttibution of tetiaces, ledges, and kinks that
differs from that observed under equilibiium conditions. ‘These observations
indicate thar the susface topography is related to the morphology of
mactoscopic crystals, suggesting sell-similmity of morphology duting the
crystal growth process.
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